Introduction
============

Factor VIII (FVIII) serves as a co-factor for activated factor IX (FIXa) in the factor X (FX) activating complex. It consists of 2332 amino acids with a distinct domain structure: A1-*a1*-A2-*a2*-B-*a3*-A3-C1-C2.^[@b1-1020686]^ Intracellular processing of the B-domain yields a heterodimeric FVIII protein with a 90--220 kDa heavy chain (A1-*a1*-A2-*a2*) non-covalently associated with a 80 kDa light chain (*a3*-A3-C1-C2).^[@b2-1020686]^ FVIII circulates in complex with the multimeric glycoprotein von Willebrand factor (VWF) that protects FVIII from premature clearance and proteolytic degradation. Complex assembly occurs over an extended surface on FVIII, spanning the entire light chain.^[@b3-1020686]--[@b5-1020686]^ The sulfated tyrosine on position 1680 is essential for binding to VWF and mutation of this tyrosine results in impaired complex formation with VWF.^[@b3-1020686]^

Recently it has been shown that FVIII is expressed in endothelial cells.^[@b6-1020686]--[@b8-1020686]^ Previous work showed that FVIII overexpressed in endothelial cells co-sorts with VWF to the secretory organelles designated Weibel-Palade bodies (WPB).^[@b9-1020686]--[@b11-1020686]^ The precise interaction mediating sorting to WPB has not been clarified, although it has been generally assumed that VWF plays a key role as a sorting chaperone. In contrast to this view, we have shown that FVIII sorting to WPB does not require the high-affinity interaction via the sulfated tyrosine on position 1680 in the *a3*-domain.^[@b11-1020686],[@b12-1020686]^ Moreover, endothelial cells with mutations in the FVIII C1- and C2-domains leading to impaired extracellular VWF/FVIII complex assembly show apparently normal expression of FVIII and storage in WPB.^[@b12-1020686]^

Like FVIII, coagulation factor V (FV) comprises two lipid-binding C-domains that form a similar side-by-side pair.^[@b13-1020686]--[@b17-1020686]^ FV shares \~40% sequence homology with FVIII and has a similar domain structure (A1-A2-*a2*-B-A3-*a3*-C1-C2).^[@b18-1020686]^ FV functions as a cofactor for FXa in the prothrombinase complex, demonstrating that FVIII and FV serve a similar cofactor function. Unlike FVIII, however, FV neither circulates in complex with VWF, nor does it act as a cofactor for FIXa in the activation of FX. In the present study, we addressed the contribution of C-domains to FVIII intracellular targeting and extracellular function by constructing FVIII chimeras carrying FV C1- or C2-domains and exploring the functional and structural implications of these C-domain swaps.

Methods
=======

Factor VIII constructs
----------------------

All constructs used in this study encoded B-domain-deleted FVIII (BDD-FVIII) variants in order to meet size restrictions in the lentiviral packaging system.^[@b10-1020686]^ For the same reason FV, too, was B-domain-deleted (BDD-FV).^[@b19-1020686]^ In BDD-FVIII-YFP, yellow fluorescent protein (YFP) replaced the B-domain, as described for its green fluorescent protein (GFP) equivalent elsewhere.^[@b10-1020686],[@b11-1020686]^ Construction of plasmids encoding the YFP-tagged BDD-FVIII/FV chimeras is described in the *Online Supplementary Material*. For functional studies, BDD-FVIII-YFP and the chimeras were constructed in the pcDNA3.1 vector for production in HEK293 cells. To simplify nomenclature, the term BDD-FVIII is replaced by FVIII throughout this paper. Consequently, the BDD-FVIII-YFP chimeras containing the FV-C1 or -C2 domain are referred to as FVIII-YFP/FV-C1 and FVIII-YFP/FV-C2, respectively.

Immunofluorescence microscopy of lentiviral-transduced endothelial cells
------------------------------------------------------------------------

The isolation of blood outgrowth endothelial cells (BOEC) and their subsequent transduction with lentivirus have been described previously.^[@b10-1020686]^ A detailed description of the antibody staining of BDD-FV and BDD-FVIII can be found in the *Online Supplementary Material*. Z-stacks (0.4-μm intervals) were taken with confocal laser scanning microscopy using a Zeiss LSM510 equipped with Plan NeoFluar 63x/1.4 Oil objective (Carl Zeiss, Heidelberg, Germany). Images were processed with Zeiss LSM510 version 4.0 software and LSM image browser (Carl Zeiss, Heidelberg, Germany). Secretion of FVIII and FV was quantified by enzyme-linked immunosorbent assay (ELISA) as described previously, with the exception that the FV ELISA used the monoclonal anti-light chain antibody CLB-FV-4, and purified FV as a reference.^[@b12-1020686],[@b19-1020686]^

Purified factor VIII-yellow fluorescent protein variants
--------------------------------------------------------

FVIII-YFP/FV chimeras and FVIII-YFP were produced in stable cell lines (HEK293) and purified by immunoaffinity chromatography using a monoclonal antibody (VK34) followed by anion exchange chromatography (Q Sepharose FF, GE Healthcare, Uppsala, Sweden) as described in detail elsewhere.^[@b20-1020686]^ Purified FVIII-YFP variants were homogeneous, and comprised a YFP-carrying heavy chain of approximately 110 kDa and an 80 kDa light chain (see *Online Supplementary Figure S1*). FVIII-YFP concentrations were determined by ELISA, employing the monoclonal anti-light chain antibody KM33 (anti-C1) or EL14 (anti-C2) for immobilization, and the anti-heavy chain antibody CLB-CAg-9 for detection.^[@b21-1020686]^ Normal human plasma served as the standard. FVIII activity was determined using a chromogenic assay (Chromogenix, Milan, Italy), and the activity/antigen ratios were 1.0 for FVIII-YFP, 0.9 for FVIII-YFP/FV-C2, and 0.4 for FVIII-YFP/FV-C1. In all functional studies FVIII concentrations were based on antigen concentrations, assuming that 1 U/mL corresponds to 0.3 nM.

Characterization of factor VIII-yellow fluorescent protein variants
-------------------------------------------------------------------

Interactions of purified FVIII-YFP variants with recombinant full-length VWF^[@b11-1020686]^ were assessed by surface plasmon resonance analysis using a BIAcore 3000 biosensor (Biacore AB, Uppsala, Sweden) as described previously.^[@b21-1020686]^ Details of the data analysis are provided in the *Online Supplementary Material*. Interactions of FVIII-YFP and the FVIII-YFP/FV chimeras with FIXa and phospholipids were inferred from FX activation studies, as described in detail elsewhere.^[@b21-1020686]^ Structural differences between FVIII-YFP, FV and the C-domain-swapped chimeras were probed by chemical foot-printing using lysine-reactive tandem-mass-tags (TMT) and mass spectrometry as described previously.^[@b22-1020686]^ A full description of the processing of labeled proteins into peptides and mass spectrometry analysis is given in the *Online Supplementary Material*.

Results
=======

Differential intracellular accumulation of factor V compared to factor VIII
---------------------------------------------------------------------------

Because FV is structurally highly homologous to FVIII, we compared FVIII and FV with respect to WPB trafficking in BOEC expressing BDD-FVIII or BDD-FV via lentiviral transduction. Transduced BOEC secreted much larger amounts of FV (140 pmol/10^6^ cells/72 h) than FVIII (typically 1--5 pmol/10^6^ cells/72 h). Confocal microscopy revealed that, as expected, FVIII retained within the endothelial cells completely co-localized with VWF in WPB ([Figure 1A](#f1-1020686){ref-type="fig"}). Consistent with co-localization, FVIII-containing WPB were round.^[@b10-1020686],[@b23-1020686],[@b24-1020686]^ In contrast, FV did not traffic to WPB ([Figure 1B](#f1-1020686){ref-type="fig"}). The FV-transduced cells contained WPB which were negative for FV and retained their typical elongated morphology similar to those of the surrounding non-transduced cells. Instead, prominent background staining for FV could be detected in what might represent the endoplasmic reticulum ([Figure 1B](#f1-1020686){ref-type="fig"}). Apparently, trafficking of FV is different from that of FVIII.

![Differential sorting of FVIII and FV in blood outgrowth endothelial cells. Confocal images of BOEC expressing (A) B-domain-deleted FVIII or (B) B-domain-deleted FV. Both FVIII and FV are shown in green, and staining of VWF is shown in red. Yellow indicates co-localization of VWF with FVIII or FV. Images of the separate green and red channels are depicted on the right side. FVIII is solely visible co-stored with VWF in WPB. While FVIII-containing WPB have a round morphology, FVIII-negative WPB remain elongated. FV is not visible in WPB. The white scale bar represents 20 μm.](102686.fig1){#f1-1020686}

C-domains of factor VIII contribute to intracellular trafficking
----------------------------------------------------------------

To study the contribution of individual C-domains of the C-domain pair to FVIII sorting, we exchanged single FVIII C-domains for those of FV. Because of potential difficulties in staining these variants with antibodies directed at the FVIII light chain, we expressed YFP-tagged FVIII (FVIII-YFP) in this experiment. To this end BOEC were transduced with lentivirus encoding for FVIII-YFP and YFP-tagged FVIII variants with swapped C1- or C2-domain (FVIII-YFP/FV-C1 and FVIII-YFP/FV-C2). FVIII-YFP/FV chimera production, as assessed by antigen levels in the conditioned medium, ranged between 0.03 -- 0.3 pmol/10^6^ cells/72 h. The inherent variability in expression levels and transduction efficiency did not allow for quantification of the WPB-targeted fraction of the FVIII-YFP/FV chimeras. However, for transduced BOEC, trafficking could be studied by fluorescence microscopy. Confocal microscopy showed that YFP-tagged FVIII sorted exclusively to WPB ([Figure 2A](#f2-1020686){ref-type="fig"}) and was retained in round WPB, similar to untagged FVIII ([Figure 1A](#f1-1020686){ref-type="fig"}). This was to be expected because YFP tags as such do not affect FVIII trafficking to WPB.^[@b12-1020686],[@b24-1020686]^ Substitution of the C1-domain resulted in total loss of co-localization of FVIII-YFP/FV-C1 with VWF in WPB ([Figure 2B](#f2-1020686){ref-type="fig"}). Like FV, FVIII-YFP/FV-C1 was shown to accumulate intracellularly, without any apparent punctuated YFP signal as seen in [Figure 2A](#f2-1020686){ref-type="fig"} (upper right side panels). The FVIII-YFP/FV-C2 variant displayed some residual sorting involving round WPB ([Figure 2C](#f2-1020686){ref-type="fig"}). However, not all WPB were positive for YFP (see inset, [Figure 2C](#f2-1020686){ref-type="fig"}), and a major part of the YFP signal was localized intracellularly, presumably in the endoplasmic reticulum. These results indicate that the C1-domain is the main driver of FVIII trafficking to WPB, although the C2-domain contributes to this process as well.

![Intracellular localization of FVIII-YFP/FV-C1 and FVIII-YFP/FV-C2 chimeras in blood outgrowth endothelial cells. Confocal microscopy of BOEC expressing YFP-tagged B-domain-deleted FVIII variants. Merged signals of the YFP-tagged FVIII variants (green) and Alexa-633 stained VWF (red) (co-localization in yellow) are shown on the left side. On the right side image exports of the separate channels are displayed: YFP (green) top panel and Alexa-633 (red) lower panel. (A) YFP-tagged FVIII co-localizes with VWF in round WPB, while surrounding non-transduced BOEC, which are negative for YFP, contain elongated WPB. (B) FVIII-YFP/FV-C1 does not co-localize with VWF, and the WPB remain elongated. (C) Some of FVIII-YFP/FV-C2 is located in round WPB with VWF, but most of the FVIII-YFP/FV-C2 is dispersed throughout the cell. The white scale bar represents 20 μm.](102686.fig2){#f2-1020686}

The factor VIII C1-domain is critical for von Willebrand factor-binding
-----------------------------------------------------------------------

Given that the FVIII-YFP/FV chimeras displayed reduced co-localization with VWF in BOEC, we studied the ability of the chimeras to interact with VWF employing surface plasmon resonance analysis. This enables a time-resolved monitoring of the association and dissociation between two interactive proteins, by measuring mass increase and decrease due to the interaction of a soluble component (in this case, FVIII-YFP/FV chimeras) with an immobilized binding partner (in this case, VWF).^[@b12-1020686],[@b21-1020686]^ FVIII-YFP variants, in varying concentrations, were passed over a chip with immobilized VWF and analyzed for surface-bound mass change, expressed in Resonance Units (RU). [Figure 3](#f3-1020686){ref-type="fig"} shows the maximal binding response as a function of the FVIII concentration, which can be used to derive an estimate of the dissociation constant K~d~.^[@b21-1020686],[@b25-1020686]^ The apparent K~d~ for FVIII-YFP was 8 nM, while FVIII-YFP/FV-C2 showed a slight reduction in VWF binding, with an apparent K~d~ of approximately 16 nM. In contrast, FVIII-YFP/FV-C1 showed no appreciable interaction with VWF at all ([Figure 3A](#f3-1020686){ref-type="fig"}). Similar data were obtained at pH 5.5, which should resemble the pH in the mature secretory compartment.^[@b26-1020686]^ FVIII variants revealed complex binding kinetics, from which the affinity could not be directly inferred by standard curve fitting of the sensorgrams, due to pronounced heterogeneity in the dissociation phase at pH 5.5 (*Online Supplementary Figure S2*). Data obtained at pH 7.4 were less complex, and revealed an apparent K~d~ of 3 nM for FVIII-YPF and 8 nM for FVIII-YFP/FV-C2. Irrespective of the data analysis used, these experiments demonstrate that FVIII-YFP/FV-C2 and FVIII-YFP display similar interactions with VWF, whereas FVIII-YFP/FV-C1 shows almost no VWF binding. Apparently, replacement of the FVIII C2-domain with that of FV conserves VWF-binding. In contrast, the FVIII C1-domain is irreplaceable for the interaction with VWF.

![Interaction of FVIII-YFP and FVIII-YFP/FV chimeras with von Willebrand factor. Surface plasmon resonance (SPR) analysis was performed using the BIAcore 3000 system as described elsewhere.^[@b21-1020686]^ FVIII-YFP (closed squares), FVIII-YFP/FV-C1 (closed circles) and FVIII-YFP/FV-C2 (open triangles) were passed over a CM5 chip coated with recombinant VWF (7, 24 and 37 fmol/mm^2^) in a buffer containing 150 mM NaCl, 5 mM CaCl~2~, 2.4% glycerol (v/v), 0.005% Tween 20 (v/v), and 20 mM HEPES (pH 7.4, panel A) or 20 mM MES (pH 5.5, panel B) for 240 s at 20 μL/min at 25 °C. The signal of a non-coated CM5 channel was subtracted to correct for differences in buffer composition. Response upon the onset of dissociation was taken to represent maximal binding and was plotted against the FVIII concentration. Values represent mean resonance units (RU) ± SD. Data were analyzed by a non-linear regression using a single hyperbola. This revealed apparent K~d~ values of approximately 8 and 16 nM for FVIII-YFP and FVIII-YFP/FV-C2, respectively. VWF binding of FVIII-YFP/FV-C1 was too low for quantitative analysis. Individual SPR sensorgrams are shown in *Online Supplementary Figure S2*.](102686.fig3){#f3-1020686}

Substitution of the factor VIII C1-domain, but not C2-domain, affects cofactor activity
---------------------------------------------------------------------------------------

Thus far, purified chimeras were characterized in the absence of lipids although FVIII/FV C-domains are known to assemble on (negatively charged) membranes.^[@b13-1020686]--[@b16-1020686]^ To study the function of the FVIII-YFP/FV chimeras further, we examined complex formation with FIXa on phospholipid vesicles and their capability to convert the physiological substrate, FX. Membrane-binding was assessed by varying the phospholipid vesicle concentration at a fixed concentration of FIXa (16 nM). When using phospholipid vesicles containing 15% phosphatidylserine, no reduction in FXa generation rates were observed with FVIII-YFP/FV-C2 in comparison with FVIII-YFP ([Figure 4A](#f4-1020686){ref-type="fig"}). A lower maximal FXa generation rate was seen with FVIII-YFP/FV-C1. However, both chimeras showed the same apparent affinity to membranes as FVIII-YFP (half-maximal response \~0.5 μM). The reduction in maximal response of FVIII-YFP/FV-C1 is due to reduced binding of FIXa, as was assessed by varying the FIXa concentration at a fixed phospholipid concentration ([Figure 4B](#f4-1020686){ref-type="fig"}). Therein, the FXa generation rates of FVIII-YFP/FV-C2 and FVIII-YFP are identical. FVIII-YFP/FV-C1, however, needed a concentration of at least 30 nM to reach the same level. Similar data were obtained in the presence of vesicles containing 5% phosphatidylserine, with the exception that the defect of the FVIII-YFP/FV-C1 variant proved more prominent ([Figure 4D](#f4-1020686){ref-type="fig"}). At this low phosphatidylserine content the activity of FVIII-YFP/FV-C2 was also somewhat reduced at low lipid concentrations ([Figure 4C](#f4-1020686){ref-type="fig"}). These data demonstrate that in terms of cofactor activity the C2-domain is interchangeable with that of FV. However, swapping the C1-domain introduces a defect that involves assembly with FIXa.

![FVIII cofactor activity of the FVIII-YFP chimeras. FVIII-YFP (closed squares), FVIII-YFP/FV-C1 (closed circles) and FVIII-YFP/FV-C2 (open triangles) were examined for their capability to function as cofactor in the activation of FX. FX activation studies were performed in the presence of phospholipid vesicles containing 15% phosphatidylserine, 20% phosphatidylethanolamine, and 65% phosphatidylcholine (panels A and B) or 5% phosphatidylserine, 20% phosphatidylethanolamine, and 75% phosphatidylcholine panels (C and D) in a buffer containing 40 mM Tris-HCl (pH 7.8), 150 mM NaCl and 0.2% (w/v) bovine serum albumin. FIXa titrations (panels B and D) were performed by incubation of 25 μM of phospholipid vesicles mixed with 0--64 nM FIXa, 0.3 nM FVIII and 200 nM FX. Phospholipid titrations (panels A and C) were performed by incubation of 0--80 μM phospholipid vesicles mixed with 16 nM FIXa, 0.3 nM FVIII and 200 nM FX. Reactions were initiated by addition of 1.5 mM CaCl~2~ and 1 nM thrombin. Subsamples of the reaction mixture were taken at 30 s intervals and analyzed for FXa using the substrate S-2765 containing the thrombin inhibitor I-2581.^[@b21-1020686]^ Absorbance values were converted into molar concentrations using a standard curve of active-site titrated purified FXa.](102686.fig4){#f4-1020686}

Distorted C-domain pairing in chimeras containing factor V C-domains
--------------------------------------------------------------------

To examine the structural integrity of the chimeras, structural differences between FVIII-YFP and the chimeras were studied by lysine residue labeling with TMT. This approach consists of a pairwise comparison between proteins by labeling each with one of two isobaric labels (TMT-126 or TMT-127), which, upon tandem mass spectrometry, reveal their lysine-bound indicator mass of either 126 or 127 Da. This enables simultaneous identification and quantification of surface-exposed lysine residues.^[@b22-1020686]^ We used TMT-126 for FVIII-YFP and TMT-127 for the FVIII-YFP/FV chimeras and expressed relative incorporation of TMT labels in the ratio of TMT-127/TMT-126 per individual peptide. A ratio above 1 indicates increased lysine exposure in the FVIII-YFP/FV chimera (TMT-127 labeled) compared to the FVIII-YFP (TMT-126 labeled), and vice versa for ratios below 1.

Comparing the TMT-labeling incorporation of the FVIII-YFP/FV chimeras to that of FVIII-YFP revealed that for most of the lysine residues, TMT-127/TMT-126 ratios were around 1 (*Online Supplementary Figure S3*). This indicates that accessibility for most of the lysine residues remained unchanged. However, some peptides showed a TMT-127/TMT-126 ratio \>1 in both chimeras ([Figure 5A](#f5-1020686){ref-type="fig"}). Most of these peptides contain lysine residues situated at the C2/A1-domain interface (Lys107, Lys123 and Lys127) ([Figure 5B](#f5-1020686){ref-type="fig"}). Peptides covering the C2-domain lysine residues Lys2239 and Lys2249 showed increased accessibility only in FVIII-YFP/FV-C1 ([Figure 5A](#f5-1020686){ref-type="fig"}). Due to the swapping of the C2-domain and thus the absence of TMT-127 labeled counterparts, FVIII-YFP/FV-C2 showed a TMT-127/TMT-126 ratio of almost zero for these lysine residues. Apart from lysine residues with increased accessibility, FVIII-YFP/FV-C2 also displayed lysine residues in the C1-domain with decreased accessibility. These are Lys2020, Lys2110 and/or Lys2111. ([Figure 5A, B](#f5-1020686){ref-type="fig"} and *Online Supplementary Figure S3*).

![Comparison of FVIII-YFP/FV-C1 and FVIII-YFP/FV-C2 with FVIII-YFP by labeling with tandem-mass tags. FVIII-YFP/FV-C1 and FVIII-YFP/FV-C2 were labeled with TMT-127 and FVIII-YFP with TMT-126 to assess differences in lysine residue exposure. Labeled FVIII variants were then processed into peptides and measured for TMT incorporation. The lysine residues with a TMT-127/TMT-126 ratio different from 1 are: Lys47+Lys48, Lys107, Lys123+Lys127, Lys2020, Lys2110+Lys2111 and Lys2239+2249. (A) The peptides containing the same lysine residue(s) and their TMT-127/TMT-126 ratio per chimera are shown in the different panels. The mean TMT-127/TMT-126 ratio ± SD is given by the black lines; peptides and their resolved TMT-127/TMT-126 ratio are represented by gray dots. A TMT-127/TMT-126 ratio above or below 1 (dashed line) indicates increased or decreased incorporation of TMT-127 and therefore altered accessibility of those lysine residues in the chimera compared to FVIII-YFP. Peptides covering lysine residues 2239 and 2249 show a TMT-127/TMT-126 ratio \> 1 for chimera FVIII-YFP/FV-C1. In the FVIII-YFP/FV-C2 chimera these lysine residues have a near zero ratio because the FVIII C2-domain peptides are not present in the FVIII-YFP/FV-C2 chimera (only TMT-126 labeled FVIII-YFP lysine residues could be detected). Software analysis considers a TMT-127/TMT-126 ratio of zero erroneous and therefore may produce ratios with a minimum value of 0.01. (B) Lysine residues with increased accessibility for TMT labeling are indicated in the FVIII crystal structure (2R7E)^[@b30-1020686]^ as red spheres, whereas lysine residues with reduced reactivity are indicated in blue.](102686.fig5){#f5-1020686}

Using TMT labeling, the lysine exposure of the swapped C-domains themselves could also be investigated in comparison with their native conformation in FV. This was done by labeling FV with TMT-126 and comparing it to the chimeras labeled with TMT-127. In this way only the swapped C-domains were examined. Again, most peptides displayed an unchanged lysine exposure (ratios were approximately 1). However, one C1-domain peptide containing two lysine residues directed towards the opposing C2-domain in the FV model had an average TMT-127/TMT-126 ratio of 3 (Lys1941 and Lys1954) ([Figure 6A,C](#f6-1020686){ref-type="fig"}). Within the swapped C2-domain, two peptides indicated an increased accessibility of its lysine residues: one peptide with lysine residues directed towards to the C1-domain (Lys2157 and Lys2161) and one peptide containing a lysine residue directed towards the A1-domain (Lys2137) ([Figure 6B,C](#f6-1020686){ref-type="fig"}). Compared to FV, these lysine residues are more accessible for TMT labeling in the chimeras. Thus, taken together the comparisons between FVIII-YFP, FV and the chimeras, the C1/C2- and C2/A1-domain interfaces become exposed which suggests that pairing of the C-domains is altered in both FVIII-YFP/FV chimeras.

![Comparison of FVIII-YFP/FV-C1 and FVIII-YFP/FV-C2 with FV by labeling with tandem-mass tags. FVIII-YFP/FV-C1 and FVIII-YFP/FV-C2 were labeled with TMT-127, and FV with TMT-126. The mean TMT-127/TMT-126 ratio ± SD (black lines) is given for peptides containing the same lysine residues from (A) the C1-domain in blue and (B) the C2-domain in red of FVIII-YFP/FV-C1 and FVIII-YFP/FV-C2, respectively. Discrete peptides and their measured TMT-127/TMT-126 ratios are represented by dots. Lysine residues with a TMT-127/TMT-126 ratio above 1 (dashed line) are Lys1941+Lys1954, Lys2137 and Lys2157+Lys2161. Such a TMT-127/TMT-126 ratio indicates increased incorporation of TMT-127 and therefore increased accessibility of those lysine residues in the chimera compared to FV wild-type. (C) The lysine residues with TMT-127/TMT-126 ratios above 1 are indicated in a model of FVa (1Y61)^[@b32-1020686]^ with spheres. The C1-domain is indicated in blue and the C2-domain in red.](102686.fig6){#f6-1020686}

Discussion
==========

The site of FVIII biosynthesis has remained a matter of debate. It was previously established that FVIII overexpression in BOEC leads to co-storage of FVIII with VWF in WPB.^[@b9-1020686],[@b10-1020686]^ The relevance of this model system has recently been established by findings that FVIII is expressed in endothelial cells.^[@b6-1020686]--[@b8-1020686]^ However, the mechanism underlying FVIII trafficking and secretion remains poorly understood. Here we studied the expression of FVIII, FV and FVIII/FV C-domain chimeras in BOEC. In contrast to FV, FVIII was solely found in WPB ([Figure 1](#f1-1020686){ref-type="fig"}). This implies a specific FVIII mechanism, which appears to be affected once one of the two FVIII C-domains is swapped with FV ([Figure 2](#f2-1020686){ref-type="fig"}). Particularly, C1-domain swapping appeared destructive, although FVIII-YFP/FV-C2 also displayed a trafficking defect. Thus, both C-domains appear to contribute. Remarkably, C-domains that bind tightly to phospholipids tend to occur in a tandem pair as observed in FVIII, FV, lactadherin and developmental-endothelial-locus 1 (del-1).^[@b27-1020686]^ Next to a tandem or multimeric organization, secretion of these strong lipid-binders tends to be regulated. For instance, lactadherin released by several cell types is associated with confined membrane vesicles (exosomes).^[@b28-1020686],[@b29-1020686]^ As reported by others, deletion of one of the two lactadherin C-domains results in a loss of the exosome-mediated secretion.^[@b29-1020686]^ This suggests that trafficking of lactadherin requires an intact C-domain tandem pair, which might also be required for FVIII.

Within both FVIII-YFP/FV chimeras, TMT foot-printing revealed more accessibility between the A1/C2- and C1/C2-domain interface, implying a loose C-domain tandem pair with increased C2-domain mobility ([Figures 5](#f5-1020686){ref-type="fig"} and [6](#f6-1020686){ref-type="fig"}). This extends the notion that the C2-domain in FVIII has limited interdomain contacts.^[@b30-1020686]^ In two available FVIII crystal structures,^[@b30-1020686],[@b31-1020686]^ the C2-domain Lys2239 interaction with a nearby glutamic acid (Glu122 in the A1-domain) seems to be the only evident electrostatic interaction (*Online Supplementary Figure S4*). A swap of the C2-domain may affect this interaction even though Lys2293 is conserved in FV. The swapped Lys2239 could not be detected; however, Glu122 neighboring lysine residues Lys123 and Lys127 could be measured and had an increased TMT-127/TMT-126 ratio ([Figure 5](#f5-1020686){ref-type="fig"}). Strikingly, when swapping the C1-domain, Lys2239 could be resolved and also displayed increased labeling despite its remote location. Perhaps, introduction of a FV C-domain produces an unfavorable interaction in the C1/C2-domain interface which in turn affects the C2/A1-domain interface. By one-sided insertion of a FV C-domain in FVIII, interactions would be disrupted due to loss of the interacting counterparts. Indeed, Lys1941 and Lys2161 display increased accessibility in the chimeras while in FV they most likely interact with residues on their opposite C-domain Phe2163 and Glu2034 (*Online Supplementary Figure S4*).^[@b32-1020686]^ The A3/C1-domain interface could hardly be probed because it contains a limited number of lysine residues. Nonetheless three of these resideues, at positions 2010, 2110 and 2111 in the C1-domain, displayed reduced surface exposure in the FVIII-YFP/FV-C2 chimera ([Figure 5](#f5-1020686){ref-type="fig"} and *Online Supplementary Figure S3*). The apparent protection of these lysine residues suggests that the top of the C1-domain associates more tightly with the A3-domain in this chimera, thus maintaining the A3/C1-domain interface undisrupted.

An overall limited disruption of the domain organization is reflected in the activity of the FVIII/FV-C2 chimera. The FVIII/FV-C2 chimera, despite its more accessible C1/C2- and C2/A1-domain interfaces, displays normal FIXa binding and FX activation. Moreover, swapping the entire C2-domain within FVIII does not result in any functional loss ([Figure 4B, D](#f4-1020686){ref-type="fig"}). Interestingly, as reported by others, deletion of the C2-domain results in a 4-fold reduction in FIXa affinity.^[@b33-1020686]^ Apparently, the presence of the C1-domain alone is insufficient for full cofactor function. However, the C2-domain of FV fully compensates for this defect ([Figure 4B](#f4-1020686){ref-type="fig"}). This apparent paradox can be explained by a complementary role for the C2-domain in its FIXa-binding conformation. Unlike the C2-domain, the C1-domain contributes directly to FIXa binding. This is in agreement with the observation of Wakabayashi *et al.*, who noted that a FVIII variant with the C1-domain replaced by a second C2-domain exhibits an approximately 9-fold reduced affinity for FIXa.^[@b34-1020686]^

The FVIII/FV-C1 chimera has a VWF-binding defect that is more severe than that of FVIII lacking the sulfated tyrosine on position 1680 (FVIII-Y1680F).^[@b11-1020686],[@b12-1020686]^ This is even more prominent at pH 5.5 ([Figure 3](#f3-1020686){ref-type="fig"} and *Online Supplementary Figure S2*) and implies that apart from the sulfated Tyr1680, the FVIII C1-domain is essential for VWF/FVIII complex formation. This is in agreement with previous reports that mutations in the C1-domain can interfere with VWF binding,^[@b5-1020686],[@b12-1020686]^ although this does not exclude an additional contribution of the C2-domain.^[@b4-1020686]^ A direct C1-domain interaction with VWF is further supported by recent studies using hydrogen-deuterium exchange and electron microscopy,^[@b35-1020686],[@b36-1020686]^

Previously, we analyzed a variety of FVIII mutations that are associated with reduced interaction with VWF, but normal trafficking to WBP.^[@b12-1020686]^ The fact that these variants retained some residual VWF binding at pH 5.5 led us to speculate that this might be sufficient for trafficking to WPB.^[@b12-1020686]^ In this respect the FVIII/FV-C1 chimera is more defective than the mutations causing hemophilia A which we studied. If FVIII storage with VWF is driven exclusively by VWF binding, this might explain the trafficking defect for FVIII/FV-C1 ([Figure 2B](#f2-1020686){ref-type="fig"}). Surprisingly, although the VWF binding of FVIII/FV-C2 is close to normal, this chimera also displays reduced WPB storage and intracellular accumulation in BOEC ([Figure 2C](#f2-1020686){ref-type="fig"}). This supports the conclusion that FVIII trafficking to WPB requires the tandem C-domain pair. This would be compatible with our previous data, because none of the hemophilia A-causing mutations that we analyzed can be expected to disrupt the C-domain pair.^[@b12-1020686]^

One limitation of lentiviral BOEC transduction is the variability in expression which precludes obtaining quantitative information for direct comparison of the extent of WPB trafficking with VWF-binding affinity. As we showed previously, this issue can be addressed by subcellular fractionation, provided that expression and transduction efficiency are in the same order of magnitude.^[@b10-1020686],[@b12-1020686]^ However, this proved unfeasible for the present set of FVIII/FV chimeras. Nevertheless, it seems evident that the intracellular YFP-staining for the FVIII/FV-C2 chimera, despite its high affinity for VWF, is different from that of FVIII-YFP or BDD-FVIII ([Figures 1A](#f1-1020686){ref-type="fig"} and [2A,C](#f2-1020686){ref-type="fig"}). Likewise, the FVIII/FV-C1 chimera, which displays no appreciable VWF interaction, could not be visualized intracellularly ([Figure 2B](#f2-1020686){ref-type="fig"}). Despite these trafficking defects in BOEC, the chimeras could be expressed in HEK293 cells, and after purification displayed structural integrity and functionality ([Figures 4](#f4-1020686){ref-type="fig"}--[6](#f6-1020686){ref-type="fig"} and *Online Supplementary Figure S3*). This might suggest that besides VWF binding another, as yet unknown mechanism could play a role in endothelial FVIII storage and secretion. A role for the A1-domain could not be excluded because the chimeras, compared to FVIII-YFP, display a structural change in the A1-domain as well (Lys47+Lys48, [Figure 5](#f5-1020686){ref-type="fig"}). Whether or not these A1-domain residues contribute to maintaining the C-domain tandem organization remains an open question.

Our finding that the C2-domain of FVIII can be replaced by that of FV without compromising FVIII activity may have translational implications. It has been well established that hemophilia A patients with FVIII inhibitors often have antibodies against the C2-domain.^[@b37-1020686]^ It seems conceivable that such inhibitors may be bypassed by FVIII containing the FV C2-domain. Because swapping the C1 domain eliminates VWF binding and affects the interaction with FIXa, the potential of FVIII containing the FV C1-domain for bypassing C1-domain-directed inhibitors seems less evident.
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